Antiandrogens can cause reproductive disorders in humans and wild animals. In the present study, we tested whether the fungicide N-(3, 5-dichlorophenyl) succinimide (NDPS) acts as an antiandrogen using in vitro and in vivo assays. A transient transfection system based on luciferase activity was utilized for in vitro analysis of the antiandrogeic activity of NDPS. Hershberger assay was used to analyze the antiandrogenic activity of NDPS in rats. The expressions of the androgenresponsive genes testosterone-repressed prostatic message-2 (TRPM-2) and prostate specific binding protein polypeptide C3 (PBP C3) in the rat ventral prostate were measured using real-time PCR. Our results indicated that NDPS can block 5-dehydrotestosterone (DHT)-induced androgen receptor (AR) activity in transiently transfected HepG2 cells (-5 log M). In the Hershberger assay, the weights of the seminal vesicles and levator ani/bulbocavernosus muscles were significantly decreased (P<0.05) in all NDPS groups, and the weights of the ventral prostate, dorsolateral prostate, and Cowper's glands were significantly decreased (P<0.05) in the 100 and 200 mg/kg NDPS groups. NDPS only decreased (P<0.05) the expression of PBP C3 and had no effect on the level of TRPM-2 (P>0.05). In conclusion, NDPS is a moderate antiandrogen that elicits antiandrogenic effects at least partly by antagonizing AR and increasing the expression of PBP C3.
an agricultural fungicide ( Fig. 1 ) that has a similar structure to antiandrogenic agents such as vinclozolin and iprodione [15] . In previous studies, NDPS has been proven to be a nephrotoxic chemical in rats [16, 17] . Due to health concerns related to its toxicity, NDPS is not widely used worldwide; it is mainly used in Asian countries, including China. NDPS has recently been proposed as a model compound for study of chemically induced kidney damage [18] . However, it is still not clear if NDPS has any antiandrogenic activity.
The purpose of this study was to determine whether NDPS acts as an antiandrogen in vitro and in vivo. Based on the screening methods for EDCs recommended by the Endocrine Disruptor Screening and Testing Advisory Committee (EDSTAC) [19] , we used an AR reporter gene assay to detect AR antagonistic activity in vitro, Hershberger assay to detect antiandrogenic activity in vivo, and real-time PCR to detect the expression of the androgen-responsive genes testosteronerepressed prostatic message-2 (TRPM-2) and prostate specific binding protein polypeptide C3 (PBP C3).
Materials and Methods

Test compounds
NDPS (CAS no. 24096-53-5) was obtained from Lucheng Pesticide Factory (Wenzhou, P.R. China). Testosterone propionate (TP; CAS no. 319491) was purchased from UniKem (Copenhagen, Denmark) and flutamide (CAS no. F-9397) and DHT (CAS no. 50-50-0) were purchased from Fluka (Buchs, Switzerland). Peanut oil was purchased from Luhua Group (Yantai, P.R. China).
Plasmids
AR expression plasmid hAR was the gift of Professor KW. Gaido (Chemical Industry Institute of Toxicology, Research Triangle Park, NC, USA).
The luciferase reporter plasmid pMMTV-luc and βgalactosidase control plasmid pCMVβ-gal were the gifts of Professor DP. McDonnell (Department of P h a r m a c o l o g y a n d C a n c e r B i o l o g y , D u k e University Medical Center, Durham, NC, USA).
Transient transfection assay
Human hepatoma cells (HepG2) were cultured in Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). HepG2 cells were transiently cotransfected with the hAR, pMMTV-luc, and pCMVβ-gal plasmids using Lipofectamine TM 2000 (Promega, Madison, WI, USA), and then the tranfected cells were dosed with various concentrations of test compounds with or without DHT. After incubation, the cells were lysed with 1 × lysis buffer (Promega). Luciferase activity was measured using a Wallac Victor 2 1420 Multilabel Counter (Perkin-Elmer Life Sciences, Turku, Finland) according to the manufacturer's instructions, and β-galactosidase activity was determined using a β-galactosidase Enzyme Assay System with Reporter Lysis Buffer (Promega). The number of luminescense units was normalized using the associated β-galactosidase value.
Animals
Three-week-old Sprague-Dawley immature male rats were purchased from the Experimental Animal Center (Zhejiang Academy of Medical Sciences, Hangzhou, P.R. China). Immature male rats are more sensitive to AR-mediated response because their AR levels are higher than those of mature rats. They were fed a standard laboratory diet, provided with water ad libitum, and kept in an animal room w i t h a 1 2 h l i g h t / d a r k c y c l e , c o n t r o l l e d temperature 22 ± 1 C and relative humidity of 55 ± 5%. After a 7-day adaptive period, the rats were castrated and allowed to recover for 2 weeks. The experimental protocol was reviewed and approved by the Animal Ethics Committee, Zhejiang University.
Hershberger assay
After the 2 week recovery period, the rats were weighed and randomly assigned to six groups (n= 6/group). Group 1 was the sham-operated group, Group 2 served as the castrated control group and was given peanut oil, and Groups 3 to 5 received oral doses of 50, 100 or 200 mg/kg NDPS per day, respectively. Group 6 was the positive control group, and it received oral doses of flutamide (20 m g / k g p er d a y ) . G r o u p s 2 t o 6 r e c e i v e d testosterone propionate subcutaneously (0.5 mg/ kg per day) before t est chemicals were administered. The doses of the chemicals were determined from previous literature and a pilot study (data not shown). All groups were dosed beginning of 6 weeks of age, and flutamide and NDPS were administered with peanut oil in a dosing volume of 5 ml/kg; the dosing period was 7 days. Rats were weighed before dosing each day. After the last dose was administered, the rats were anesthetized using 50 mg/kg pentobarbital sodium euthanized by exsanguinations. Blood from each rat was collected into 5 ml tubes. Serum was obtained by centrifugation at 14,000 × g for 10 min and then stored at -80 C until measurement of hormone levels. The ventral prostate, dorsolateral p r o s t a t e , s e m i n a l v e s i c l e s , l e v a t o r a n i / bulbocavernosus muscle, Cowper's glands, glans penis, liver, paired adrenal glands, spleen, and paired kidneys were dissected and weighed. The ventral prostates were stored in RNAlater (Qiagen, A l b e r t s l u n d , D e n m a r k ) a t -2 0 C f o r g e n e expression analyses. The right caput epididymis of each animals was fixed at autopsy in 4% buffered formaldehyde for 24 h, embedded in paraffin, and used later for the histopathology and androgen receptor immunohistochemistry assays.
Hormone analysis
Rat serum testosterone was analyzed by timeresolved fluorescence using commercially available FIA kits (Perkin-Elmer Life Sciences). Serum was prepared as described previously [20] . All samples were measured in duplicate in the same assay.
RNA isolation and cDNA production
Ventral prostates were homogenized in RLT buffer (RNeasy Mini Kit; Qiagen), and then total RNA isolation was performed according to the manufacturer's instructions. The quality and quantity of the purified RNA were evaluated by UV spectrophotometry. Production of cDNA from 0.5 to 1.0 µg of total RNA was conducted using the protocol provided by Promega, and the cDNA was then stored at -20 C.
Real-time PCR
Semi-quantitative PCR was performed using the SYBR Green I-based method in a 50 µl reaction and an ABI Prism 7700 (PE Applied Biosystems, Foster City, CA, USA). The reaction mixture consisted of 25 µl SYBR ® Green Real-time PCR Master Mix (Toyobo, Japan), 1 µl 10 µM of each primer (Table  1) , 5 µl cDNA, and 18 µl water. After denaturation of the cDNA at 95 C for 10 min, the reaction profile was subjected to 40 amplification cycles, each cycle consisting of denaturation at 95 C for 15 second, annealing and extension at 60 C for 60 second. After PCR, a melting curve was constructed by increasing the temperature from 50 to 99 C. β-actin was used as the internal control. A standard curve was created for the threshold cycle (CT) of each gene expression and the amount of initial total RNA. The CT of the samples was then compared to the corresponding standard curve, and the amount of initial mRNA in that sample was quantified. Real-time PCR was performed three times for each gene.
Histopathology and immunohistochemistry
After fixation, the specimens were dehydrated in an ascending series of alcohol, embedded in paraffin, and cut into sections of 3 µm thick.
Histopathological and immunohistochemical visualization of AR was conducted as described previously [8, 9] . 
Statistical analysis
Data for initial body weights, final body weights, serum testosterone levels, and gene expression were analyzed using ANOVA when variances for the data proved to be homogeneous and were otherwise analyzed using nonparametric analysis of variance. Organ weights were analyzed using analysis of covariance with the final body weight as the covariate.
Results
Transient transfection assays
DHT increased AR activity and induced l u c i f e r a s e r e p o r t e r g e n e e x p r e s s i o n i n a concentration-dependent manner (data not shown). NDPS blocked DHT-induced AR activity in transiently transfected HepG2 cells (-5 log M; P<0.05). The in vitro potency of NDPS as an AR antagonist was less than that of the antiandrogen flutamide. NDPS did not increase AR activity in the absence of DHT (Fig. 2) .
General observations and body weights
No mortalities or treatment-related clinical signs were observed in any of the groups. There were no significant difference between the initial body weights of the groups compared with the peanuts oil control group; on the other hand, the weight gains of the 100 and 200 mg/kg per day NDPS plus TP groups were significantly decreased (P<0.05) ( Table 2 ).
General organ weights
The liver weights of the 200 mg/kg per day NDPS plus TP animals were significantly lower than those of the peanut oil control group (P<0.05), while the kidney weights of the 200 mg/kg per day NDPS plus TP animals were significantly higher 
Sex accessory tissue weights and hormone levels
The weights of the seminal vesicles, levator ani/ bulbocavernosus muscle, ventral prostate, dorsolateral prostate, and Cowper's glands were significantly decreased by NDPS treatment at 100 and 200 mg/kg per day plus TP (P<0.05). The glans penis was unaffected by NDPS ( Fig. 3) . No changes were observed in the testosterone levels of the groups (Table 4 ).
Effects on PBP C3 and TRPM-2 expression
The effects of NDPS on the expression of the PBP C3 and TRPM-2 genes were analyzed using realtime PCR (Fig. 4) . Significantly decreased levels of PBP C3 were seen in the 100 and 200 mg/kg per day NDPS groups (P<0.05), but NDPS had no effect on the expression of TRPM-2.
Histopathology and immunohistochemistry
AR was localized in the nuclei of both epithelial and interstitial cells in the caput and cauda epididymis and was also seen in the nucleus of some cells in the connective tissue surrounding the ducts. However, no changes were found in the immunohistochemical localization of AR in the epididymal epithelial cells of the NDPS groups (data not shown). The specificity of the AR a n t i b o d y w a s a l s o v a l i d a t e d , a n d n o histopathological differences were observed (data not shown).
Discussion
The actions of androgens are mediated by AR, which is a member of the nuclear receptor superfamily. To identify the chemicals that might interfere with normal androgen activity through l i g a n d -A R i n t e r a c t i o n , t h e U S -E P A h a s recommended the AR reporter gene assay as a screening method in a Tier 1 screening battery (T1S) to detect AR agonists and antagonists [19] , and several experimental models [21] [22] [23] [24] [25] have been developed. Due to the lack of hAR in HepG2 cells, we transfected the hAR plasmid and reporter gene plasmids to the cells using the transient transfection method. DHT at 1 nM induced expression of the reporter gene; this illustrates the high sensitivity of the assay. Our results showed that NDPS can inhibit DHT-induced AR activity (-5 log M).
Based on the in vitro assay results, we further tested the antiandrogenic activity of NDPS by in vivo Hershberger assay, a powerful tool for EDC screening that is recommended by EDSTAC [19, 26] and the Organisation for Economic Co-operation and Development (OECD) [27] . NDPS remarkably reduced the weights of sex accessory tissues including the seminal vesicle, ventral prostate, dorsolateral prostate, levator ani/bulbocavernosus muscle, and Cowper's glands (Table 4 ). This demonstrates positive results for antiandrogenic activity. The decrease in potency was ranked as f o l l o w s : s e m i n a l v e s i c l e > l e v a t o r a n i / bulbocavernosus muscle > ventral prostate > dorsolateral prostate > Cowper's glands, with the seminal vesicle the most seriously affected by N D P S . D u e t o t h e l a c k o f d a t a f o r N D P S administered to castrated rats without TP, we could not determine whether NDPS has androgenic effects in vivo.
It wa s noted that NDPS showed a weak antiandrogenic effect in the in vitro assay but a significant antiandrogenic effect in the in vivo Hershberger assay. Charles et al. [28] have also reported that methoxychlor and benzo(a)pyrene produce significant antiandrogenic activity in vitro but did not produce significant decreases in sex accessory tissue weights compared with TP controls. Although this result was the opposite of ours, the data indicates that interaction with AR d o e s n o t a d e q u a t e l y e x p l a i n t h e c o m p l e x mechanisms in vivo. Therefore, it is important to integrate the in vivo and in vitro results when a s s e s s i n g t h e a n t i a n d r o g e n i c a c t i v i t y o f environmental chemicals.
It was also observed that 200 mg/kg NDPS increased the weights of kidney significantly (Table  3) , and this reflects the kidney toxicity that has been reported for NDPS elsewhere. Previous studies have demonstrated that both the phase I and phase II biotransformation pathways are implicated in metabolism of NDPS [29] [30] [31] Administration of vinclozolin and iprodione resulted in only minor or no alteration in renal function parameters and renal morphology [15] . These suggest that the acute nephrotoxicity of NDPS does not correlate with the structure of N-(3, 5-dichlorophenyl)carboximide, but that it is mediated by metabolites that arise from oxidation of the succinimide ring [32, 33] .
Neri [34] and Simard [35] demonstrated that decreased intracellular androgenic stimulus may induce the release of gonadotropin from the anterior pituitary and then increase the production of testosterone from Leydig cells. In order to detect whether NDPS affects the serum hormone level, we examined the serum concentration of testosterone and found no changes. Similar results have also been observed with several other antiandrogens, including p,p'-DDE and vinclozolin [36] . The reason for this may be due to the harmful effects of NDPS on the liver (Table 3) , which could decrease the ability of the liver to metabolize testosterone [36, 37] .
TRPM-2 and PBP C3 are androgen-responsive genes in the ventral prostates of rats and are potential markers for study of the antiandrogen effects of chemicals. Real-time PCR is a sensitive and rapid method of study gene expression. In the present study, real-time PCR was performed to detect the expressions of the TRPM-2 and PBP C3 genes. Most proven antiandrogens, such as vinclozolin, procymidone, and flutamide, increase T R P M -2 e x p r e s s i o n a n d d e c r e a s e P B P C 3 expression in the rat ventral prostate. However, NDPS has been found to only decrease the expression of PBP C3 and to have no effect on TRPM-2. Prochloraz [12] and fenarimol [13] have been shown to exhibit the same pattern. Leger et al. [38] reported that the optimal alteration of TRPM-2 mRNA occurred 4 days after exposure to the antiandrogen cyproterone acetate (10 mg/day), and expression then reduced dramatically to a normal level. Therefore, the level of TRPM-2 mRNA may already have reverted to a normal level after 7 days of exposure to NDPS.
In conclusion, this study demonstrated that NDPS has antiandrogenic activity in both in vitro and in vivo assays. Furthermore NDPS has significant effects on reproductive organs and prostate gene PBP C3 in the rat ventral prostate.
